The strength of the Yukawa coupling among composite fields is calculated. The system of N = 1 supersymmetric SU(2) gauge theory with three flavors is considered as an example. The strength is important, since such dynamically generated Yukawa interactions are identified with the Yukawa interactions in the standard model in some composite models. We use the techniques of "integrating in" the gluino-gluino bound state in the low energy effective theory and the instanton calculation and Shifman-Vainshtein-Zakharov sum rule (QCD sum rule) in the fundamental theory. The obtained value of the Yukawa coupling is of the order of unity, which is different from the result of the naive dimensional analysis: 4π ∼ 10. The method which is developed in this paper can be applied to the large class of supersymmetric gauge theories. *
I. INTRODUCTION
Recent development of the new techniques for analyzing supersymmetric gauge theories [1] arises the revival of the investigation of supersymmetric composite models [2] [3] [4] [5] [6] [7] [8] . One of the reason of the revival is that the techniques allow us to get not only the particle contents at low energy, but also the dynamically generated interactions among composite particles. In many models the dynamically generated Yukawa interactions are identified with or related to the Yukawa interactions among Higgs and quarks or leptons in the standard model. However, the strength of the interactions is not determined yet. In many cases one assumes that it is of the order of unity, but, on the other hand, there is a claim that it must be of the order of 4π [9] . Some explicit calculations on the dynamics are required to determine the strength, since it includes the information of the Kähler potential which can not be determined only by the symmetry and holomorphy.
Naive dimensional analysis (NDA) [9] is the first attempt to determine the coupling constants in low energy effective theories. The coupling constants, especially for Yukawa couplings, are determined by the renormalization from the Seiberg's effective fields to the canonically normalized effective fields. In NDA the renormalization factor is determined by assuming that the magnitude of the one-loop correction in the effective theory is comparable with the tree-level contribution, and get the Yukawa coupling of the order of 4π. This criterion is effective in the chiral Lagrangian for real QCD. In fact the NDA value of the pion-nucleon Yukawa coupling, 4π, is close to the experimental value, 13.5 [10] .
However, there are several questions about NDA. First, it is strange to consider the quantum correction (loop calculation) in the effective action which is derived by the method of Ref. [1] . The effective action is considered to be the Wilsonian effective action which includes all quantum effects. In the consistency check of the effective action by the flavor decoupling, integrating out is carried out by using the equation of motion in the lowest order of the derivative expansion, but not doing the path integral. This is nothing else that we consider the effective action as the Wilsonian one. Second, NDA does not always work in supersymmetric gauge theories, since the dynamics can be completely different from that of non-supersymmetric gauge theories. For example, the vector-like baryon number symmetry can be spontaneously broken in vector-like supersymmetric gauge theories, which is forbidden in non-supersymmetric vector-like gauge theories by Vafa-Witten theorem [11] . It is considered that the Yukawa coupling among gluino, quark and squark acts an important role [12] .
In this paper we determine the strength of the dynamically generated Yukawa coupling among composite fields by the explicit calculation about the dynamics of the fundamental gauge theory. We consider N = 1 supersymmetric SU(N c = 2) gauge theory with N f = 3 flavors as an example. In the next section the relation between the dynamically generated Yukawa coupling and the normalization of the effective field is discussed. The argument is almost the same with which has been given in Ref. [9] . We calculate the squark pair condensate as a function of Λ and g Y , the scale of dynamics in the effective theory and the Yukawa coupling, respectively, and compare it with the result given by the instanton calculation in the fundamental theory. Since the result of the instanton calculation is described by the scale of dynamics in the fundamental theory Λ Nc,N f = Λ 2,3 , the Yukawa coupling, g Y , is described by the ratio of Λ/Λ 2,3 . In Section III the chiral superfield of the gluino-gluino bound state is introduced in the effective theory using the technique of "integrating in" [13] , and the mass of the bound state is calculated. In Section IV a condition which the mass of the bound state follows is obtained using Shifman-Vainshtein-Zakharov (SVZ) sum rule (QCD sum rule) [14] in the fundamental theory. Then, we estimate the ratio of Λ/Λ 2,3 using the result of the previous section, and obtain a numerical value of the Yukawa coupling. The resultant value is g Y ≃ 0.5 ∼ 1 which is different from the result of NDA: g Y ≃ 4π ∼ 10. In the last section we give a summary and conclude this paper.
II. DYNAMICALLY GENERATED YUKAWA COUPLING
The Lagrangian of the fundamental theory, N = 1 supersymmetric SU(2) gauge theory with three flavors, is written as follows.
Here, Q α i is the quark chiral superfield, V is the gluon vector superfield, W aα is the gluon field strength chiral superfield, g 0 is the bare gauge coupling constant, and m 0 is the bare quark mass (flavor independent). The indices α, β = 1, 2 and a = 1, 2, 3 are of the fundamental and adjoint representations for SU(2) gauge group, respectively, i, j = 1, 2, · · · , 6 are the flavor indices, and J = diag(ǫ, ǫ, ǫ) is the Sp(3) invariant matrix. See Appendix for notations. The confinement is expected at low energy, and the effective field
is expected to describe the lightest bound state by 't Hooft anomaly matching conditions [15] , where V is the canonically normalized field with dimension one. Moreover, it is well known that the effective field follows the superpotential
in the lowest order in the derivative expansion [1] . HereṼ , which is proportional to the effective field V , is the Seiberg's effective field with dimension two and directly related to the operator ǫ αβ Q α i Q β j in the fundamental theory. The definition of Λ, the scale of dynamics in the low energy effective theory, is different from the usual one, unless the parameter κ does not equal to unity. The renormalization-group invariant quark mass parameter m in the low energy effective theory is proportional to the renormalized quark mass in the fundamental theory. The first term of the above superpotential is nothing but the Yukawa interaction.
Although the Kähler potential can not be determined exactly, we can expect
with a positive coefficient a in the lowest order in the derivative expansion by assuming that the effective fieldṼ propagates without its vacuum expectation value. The Wilsonian effective action is obtained from the following effective Lagrangian.
Since the theory has unique scale (if m/Λ = 1), all the couplings and coefficients in the effective Lagrangian should become of the order of unity, if all dimensionful quantities are scaled appropriately [9] . Namely, if we scalê
then the effective Lagrangian becomes
withK
Here, F = Λ 2 / √ a, and the parameter κ is considered to be taken as
We can determine the canonically normalized effective field by imposing that the coefficient of the kinetic term is unity. Namely,
and
with
where g Y ≡ √ a is nothing but the Yukawa coupling.
In NDA the Yukawa coupling g Y is determined under the requirement that the one-loop quantum effect in the Lagrangian of Eq. (7) is the same order of the tree-level effect. Namely, they require
where (4π) 2 F 2 is the one-loop suppression factor and Λ 4 is introduced as the ultraviolet cutoff 1 . Then, we have g Y ≃ 4π. However, there are several questions in this argument, which has already been mentioned in the previous section.
The squark pair condensate is obtained using the effective Lagrangian of Eq. (11) . From the supersymmetric vacuum condition
and the assumption of V ij = vJ ij , we obtain
Therefore, we have
where A α Q i is the squark field. This is a renormalization-group invariant quantity. The same result is obtained from the condition of ∂W ef f /∂Ṽ = 0. The gluino pair condensate is also obtained through Konishi anomaly [16] .
where λ ȧ α is the gluino field. This is also a renormalization-group invariant quantity. The gluino pair condensate has already been reliably estimated by the instanton calculation for N = 1 supersymmetric SU(N c ) gauge theories with N f flavors [12] .
where
is the one where the one-loop running coupling diverges, g(µ) and m i (µ) are the renormalized coupling and mass, respectively, and
. This result is obtained by evaluating the one-loop quantum fluctuation around the single instanton background, and the reliability of the approximation is guaranteed by the supersymmetric Ward-Takahashi identities. In the above equation
4 ) indicates the contribution from the higher-loop quantum fluctuation. We can rewrite this quantity as follows [12] .
where β(g) is the β-function [17] 
and γ m (g) is the anomalous dimension of mass. The renormalization-group invariant quantities Λ Nc,N f and [m i ] inv are defined as
where g satisfies
Therefore, in case of N c = 2 and N f = 3 and that all masses are degenerate we have
The mass parameter in the effective theory, m, can be identified with [m] inv , since we can consider that the mass term in the effective theory is introduced through the replacement of the renormalization-group invariant operator m(µ)(ǫ αβ Q 
which is the function of the ratio Λ/Λ 2,3 . These two scales are not always equal, since the scale Λ is introduced without any relation with the fundamental theory, unlike the mass parameter m. The Yukawa coupling can be determined, if Λ is described by Λ 2,3 2 . We need another independent quantity which can be calculated both in the effective theory and the fundamental theory. The mass of the gluino-gluino bound state can be the quantity.
III. GLUINO-GLUINO BOUND STATE IN THE EFFECTIVE THEORY
We introduce the chiral superfield
whose scalar component is the gluino-gluino bound state to the low energy effective theory using the method of "integrating in" [13] , and calculate its mass. Following the conjecture of Ref. [13] , we consider the effective superpotential after "integrating in" as follows.
whereS is the Seiberg's effective field with dimension three and directly related to the operator − 
due to the supersymmetric vacuum condition ∂W ′ ef f /∂S = 0. On the other hand, sincẽ W ef f is equivalent toW ′ ef f as the effective superpotential, the relation
should be satisfied. This relation gives
and we can integrate Eq.(29) and obtain
where F (Ṽ ) is a function ofṼ . Therefore, we havẽ
This effective superpotential correctly gives the gluino pair condensate, Eq. (18) .
To obtain the mass of the gluino-gluino bound state, the canonically normalized effective field S have to be defined. We assume the Kähler potential
following Ref. [18] , where b is a positive constant. If the effective fieldS is renormalized appropriately to the dimensionless one,Ŝ, with the renormalizations ofṼ toV and so on, all the couplings and coefficients in the effective Lagrangian should become order unity with the overall factor F 2 . Since the first term ofW ′ ef f is proportional toS, the renormalization have to beŜ
The effective Lagrangian becomes
The requirement of that the coefficient of (
ef f around the vacuum expectation value of S and define the canonical normalization. Namely, we set
and getK
Then, the canonically normalized field is defined as
Therefore, the mass of the gluino-gluino bound state is obtained as
This mass is independent from the Yukawa coupling g Y . In the limit of m → ∞ the theory becomes supersymmetric SU (2) 
IV. GLUINO-GLUINO BOUND STATE IN THE FUNDAMENTAL THEORY
We calculate the mass of the gluino-gluino bound state using SVZ sum rule (QCD sun rule) [14] in the fundamental theory 3 . The bound state couples to both the scalar and auxiliary components of the operator
where y = x + iθσθ. Then we consider the quantity
where Q 2 = −q 2 . This quantity can be described in the spectral function representation as
where the summation is taken over all the states. On the other hand, Π(q 2 ) can be directly calculated in the limit of Q 2 → ∞ by the operator product expansion (OPE). Namely,
where v a µν is the gluon field strength andṽ a µν is its dual. All quantities are the renormalized quantities. Wilsonian coefficients A(Q 2 ), B(Q 2 ) and C(Q 2 ) are determined by the perturbation theory. Note that the gluino number plus squark number (anomalous U(1) R symmetry) is conserved in the perturbation theory.
By estimating the vacuum expectation values of the T -products of the both sides multiplied by two λ † 's or two A † Q 's in the first order of the perturbation theory, we obtain
where α(µ) = g(µ) 2 /4π. In the following, we take the renormalization point as µ = √ Q 2 , by which the higher order logarithmic correction is suppressed. Then, we have the sum rule
for large Q 2 . Following Ref. [14] , we consider the Borel transform of this sum rule. Namely,
where M 2 is a parameter of dimension two which corresponds to Q 2 . This is the SVZ sum rule in our case. If there is a value of M 2 which is large enough so that α( √ M 2 ) in the right hand side is kept small and which is small enough so that the integral in the left hand side is dominated by the lowest-lying state, we can reliably extract the information of the lowest-lying state. In the following we first assume that this is the case, and estimate the goodness of the approximation later.
By differentiating the sum rule of Eq.(52), we obtain
where we neglect the O(α( √ M 2 ) 2 ) term in the right hand side. The ratio of the two sum rules of Eqs. (52) and (53) gives
If the lowest-lying state dominates the integrals in the left hand side, we can set as
and obtain m 2 S = M 2 , where |k S is the one-particle state of S with momentum k. Then, the sum rule of Eq.(52) becomes
The vacuum expectation value O S (0, 0) and the matrix elements in the spectral function of Eq.(55) can be estimated in the effective theory. It is clear that
where AS and A S are the scalar components of the effective fieldsS and S, respectively. Moreover,
where FS and F S are the auxiliary components of the effective fieldsS and S, respectively. The auxiliary field F S can be calculated using the effective superpotential of Eq.(33).
where A V is the scalar component of the effective field V . We expand this expression by A † S around its vacuum expectation value.
The first term describes the coupling with the one-particle state. Then, we obtain
Therefore, the spectral function can be written as
where we use A † S = S . This result and the sum rule of Eq.(56) give
Using Eq.(42) we have
This is the condition which have to be satisfied by the mass of the gluino-gluino bound state. The expansion parameter on the gauge coupling in the OPE is
This is small and independent from the mass m. Then, the present approximation is good for the order estimate. Finally, we can determine the value of the Yukawa coupling g Y using Eqs.(69) and (26).
Namely, the value of the dynamically generated Yukawa coupling (which is independent from the mass m) is of the order of unity, which is different from the result of NDA: 4π ∼ 10. Here, it is possible to consider the limit of m → 0, since all the quantities obtained up to now is not singular in this limit. The same logic has been used when the effective superpotential of the massless theory is defined in Ref. [1] . Namely, the case of m = 0 is considered when the effective superpotentials are written down, and the the case of m ≫ Λ is considered to see the consistency of the flavor decoupling. After that it is assumed that the limit of m → 0 is considered to give the massless theory, if there is no singularity. Here, we define the massless theory in exactly the same sense, and conclude that the value of the Yukawa coupling is of the order of unity in the massless theory which can be utilized for composite models. One non-trivial thing is that the mass of the gluino-gluino bound state vanishes in this limit (Eq.(42)), which seems to contradict with 't Hooft anomaly matching conditions. However, the coupling in the spectral function also vanishes in this limit (Eq. (63)), and the bound state disappears from the spectrum. It can be said in the other way that the kinetic term of the effective fieldS goes to infinity, since S vanishes in this limit (see Eq. (40)).
To be more precise, we have to consider the bound state which couples to the operator Pf(ǫ αβ A α Q A β Q ). Since the bound state has the same quantum number of S, there must be the mixing between them, and we can expect that there is no massless bound state in the limit of m → 0, except for V .
V. CONCLUSION
The value of the Yukawa coupling among the low energy effective fields (composite fields) was calculated in the N = 1 supersymmetric SU(2) gauge theory with three flavors. First, the value of the squark pair condensate (or gluino pair condensate) and the mass of the gluino-gluino bound state were calculated in the effective theory considering the uniqueness of the scale of dynamics in the theory. These quantities are described by the parameters in the effective theory, Λ, m and g Y . Next, these quantities were evaluated directly in the fundamental theory using the technique of the instanton calculation and SVZ sum rule. The result are described by the parameters in the fundamental theory, Λ 2,3 and m. Then, we obtained the expression of the parameters in the effective theory by those of the fundamental theory. 
These quantities are independent from the mass m.
We made some approximations in using SVZ sum rule. The higher order in the perturbative gauge coupling in Wilson coefficients and the higher-order operator were neglected in the OPE. The approximations are good for the order estimate, since the expansion parameters are not so large: α( m The method which is developed in this paper can be applied to determine the effective coupling constant in the low energy effective theory of the large class of the supersymmetric gauge theories. It is expected that it becomes a help for the model building.
